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Caffeoyl shikimate esterase (CSE) was recently shown to play an essential role in lignin biosynthesis in Arabidopsis (Arabidopsis
thaliana) and later in Medicago truncatula. However, the general function of this enzyme was recently questioned by the apparent
lack of CSE activity in lignifying tissues of different plant species. Here, we show that down-regulation of CSE in hybrid poplar
(Populus tremula 3 Populus alba) resulted in up to 25% reduced lignin deposition, increased levels of p-hydroxyphenyl units in the
lignin polymer, and a relatively higher cellulose content. The transgenic trees were morphologically indistinguishable from the wild
type. Ultra-high-performance liquid chromatography-mass spectrometry-based phenolic proﬁling revealed a reduced abundance
of several oligolignols containing guaiacyl and syringyl units and their corresponding hydroxycinnamaldehyde units, in agreement
with the reduced ﬂux toward coniferyl and sinapyl alcohol. These trees accumulated the CSE substrate caffeoyl shikimate along
with other compounds belonging to the metabolic classes of benzenoids and hydroxycinnamates. Furthermore, the reduced lignin
amount combined with the relative increase in cellulose content in the CSE down-regulated lines resulted in up to 62% more
glucose released per plant upon limited sacchariﬁcation when no pretreatment was applied and by up to 86% and 91% when acid
and alkaline pretreatments were used. Our results show that CSE is not only important for the ligniﬁcation process in poplar but is
also a promising target for the development of improved lignocellulosic biomass crops for sugar platform bioreﬁneries.
Secondary cell walls account for the majority of plant
lignocellulosic biomass, which constitutes an important
renewable and sustainable feedstock for the production
of fermentable sugars, biochemicals, and biomaterials
(Vanholme et al., 2013b; Marriott et al., 2016). Bio-
reﬁning of plant biomass has attracted signiﬁcant at-
tention due to global climate change and the need for
alternatives to fossil resources for fuels and materials.
In the bioreﬁnery, plant cell wall polysaccharides are
depolymerized into simple monomeric sugars, a pro-
cess called sacchariﬁcation, that are subsequently fer-
mented to ethanol or other compounds by optimized
microorganisms (Zeng et al., 2014). However, the
complex chemical composition and physical structure
of plant cell walls hampers the efﬁcient hydrolysis of
lignocellulose, a fact known as plant biomass recalci-
trance (Chen and Dixon, 2007; Cullis and Mansﬁeld,
2010; Chundawat et al., 2011; Ding et al., 2012; Zhao
et al., 2012a; Rinaldi et al., 2016). One of the major
factors contributing to biomass recalcitrance is the
presence of lignin, an aromatic polymer that provides
strength and hydrophobicity to the cell wall. Lignin
hinders the efﬁcient enzymatic depolymerization of
cellulose and hemicellulose into fermentable sugars by
immobilizing the hydrolytic enzymes and physically
limiting the access to their polysaccharide substrates
(Chang and Holtzapple, 2000; Berlin et al., 2006;
Nakagame et al., 2010; Guo et al., 2014). Although a
number of pretreatments have been developed to
remove lignin and consequently lower biomass recal-
citrance, the pretreatment is still a relatively expensive
step in the conversion process (Zhao et al., 2012b;
Vanholme et al., 2013b). In this regard, lignin bioengi-
neering (e.g. engineering plants that either accumulate
less lignin or produce lignin polymers more amenable to
chemical degradation) holds promise to tailor plants with
reduced biomass recalcitrance (Chen and Dixon, 2007;
Mansﬁeld et al., 2012a; Eudes et al., 2014;Wilkerson et al.,
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2014; Mottiar et al., 2016). The rational engineering of
lignin for the development of crops with improved bio-
conversion properties requires a fundamental knowledge
of the phenolic metabolism, explaining the large interest
in lignin research.
Lignin is a complex aromatic biopolymer deposited
mainly in thickened secondary walls of specialized cell
types, where it provides mechanical reinforcement for
the plant to stand upright, and imperviousness to the
cell wall, allowing long-distance water transport
(Boerjan et al., 2003; Ralph et al., 2004; Bonawitz and
Chapple, 2010). Lignin is derived from monomers bio-
synthesized in the phenylpropanoid pathway, whose
primary precursor is the aromatic amino acid Phe.
Following the deamination of Phe by the entry-point
enzyme PHENYLALANINE AMMONIA LYASE
(PAL), the resulting product trans-cinnamic acid un-
dergoes a series of aromatic ring and propene tail
modiﬁcations to yield three hydroxycinnamyl alcohols,
p-coumaryl, coniferyl, and sinapyl alcohol, differing in
their degrees of methoxylation (Cesarino et al., 2012;
Liu, 2012). Once incorporated into the polymer, these
monolignols produce p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) units, respectively. In addition to
the canonical monolignols, other less abundant units
might be incorporated at varying levels, such as
hydroxycinnamaldehydes, hydroxycinnamylp-coumarates,
and hydroxycinnamate esters (Ralph et al., 2004;
Vanholme et al., 2012a). These monomers are ﬁrst
synthesized in the cytoplasm before being transported
to the apoplast, where they are oxidized by peroxidases
and/or laccases for subsequent polymerization through
combinatorial radical-radical coupling (Ralph et al.,
2004;Wang et al., 2013). Coupling between two electron-
delocalized monolignol radicals and, more importantly,
between a monolignol radical and the growing polymer
(radical) results in various linkage types, mainly b-aryl
ether (b-O-4), phenylcoumaran (b-5), and resinol (b-b)
bonding types (Freudenberg andNeish, 1968; Ralph et al.,
2004; Morreel et al., 2010). Because lignin polymerization
is combinatorial and not controlled by proteins, coupling
reactions are understood to be solely under chemical
control, being affected by typical physical parameters
such as pH, ionic strength, and substrate supply,
among others (Ralph et al., 2004, 2008; Vanholme et al.,
2008; Dima et al., 2015). Finally, monolignol biosyn-
thesis is not only developmentally regulated but also
responds to speciﬁc environmental conditions, such as
biotic and abiotic stresses (Moura et al., 2010; Barros
et al., 2015).
The biochemical pathway leading to the production of
the canonical monolignols was thought to be completely
elucidated over a decade ago.When the gene encoding
p-COUMARATE 39-HYDROXYLASE (C3H) was ﬁnally
identiﬁed in Arabidopsis (Arabidopsis thaliana) and its
enzymatic activity properly characterized, it was found
that free p-coumaric acid or its CoA esters were not me-
tabolized by the recombinant enzyme, whereas its 5-O-
shikimate and 5-O-quinate esters were actively converted
into their corresponding caffeate conjugates (Fig. 1;
Schoch et al., 2001). This observation suggested that the
accepted version of the pathway at that timewas likely to
be incorrect andwould require the activity of a shikimate/
quinate acyltransferase to produce the p-coumarate esters.
Finally, in 2003, this acyltransferase was identiﬁed in
tobacco (Nicotiana tabacum) and shown to catalyze the
production of p-coumarate esters of both shikimic and
quinic acids from p-coumaroyl-CoA, and it was named
p-HYDROXYCINNAMOYL-COENZYME A:QUINATE/
SHIKIMATE p-HYDROXYCINNAMOYLTRANSFERASE
(HCT; Hoffmann et al., 2003). Moreover, based on in vitro
assays using the recombinant enzyme and caffeoyl
quinate (chlorogenic acid) as substrate, HCT also was
suggested to catalyze a second reaction in the pathway, the
conversion of caffeate esters, which are products of C3H,
into caffeoyl-CoA. No conﬁrmation of this proposed role
was ever made by means of reverse genetics, but the
so-called second/reverse reaction of HCT was widely ac-
cepted and thought to be conserved among plant taxa.
Recently, it was demonstrated that an enzyme, named
CAFFEOYL SHIKIMATE ESTERASE (CSE), is able to
catalyze the conversion of caffeoyl shikimate into caffeate
in Arabidopsis (Vanholme et al., 2013c). The combined
activity of CSE with that of p-coumaroyl/caffeoyl-CoA li-
gase (4CL), producing caffeoyl-CoA, would bypass the
second/reverse reaction of HCT (Fig. 1). Genetic evidence
for an active role of CSE in the ligniﬁcation process in
Arabidopsis was gained with a loss-of-function mutant
showing reduced lignin content and an increased relative
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proportion of H units in the lignin polymer (Vanholme
et al., 2013c). Because CSE orthologs were found in the
genomes of other plant species (Vanholme et al., 2013c;
Carocha et al., 2015; Ha et al., 2016), it was ﬁrst suggested
that this enzymatic step was conserved within the plant
lineage.However, a subsequent study indicated thatmany
unrelated species lack a bona ﬁde CSE homolog in their
genomes, suggesting that CSE might not be essential for
ligniﬁcation in all plants (Ha et al., 2016). Apart from
Arabidopsis, the unambiguous conﬁrmation of a role for
Figure 1. Metabolic map of the general phenylpropanoid and monolignol-specific pathways showing the changes in phenolic me-
tabolism upon CSE down-regulation in poplar. Metabolites found to have higher abundance in the hpCSE lines are highlighted in red,
while those with decreased abundance are shown in blue. Metabolites belonging to the same class are framed with a box. Solid and
dashed arrows represent enzymatic conversions validated byexperimental evidence and suggested conversions, respectively (VanAcker
et al., 2017). Two successive arrows represent two or more metabolic steps. PAL, PHENYLALANINE AMMONIA LYASE; C4H,
CINNAMATE 4-HYDROXYLASE; 4CL, 4-COUMARATE:COENZYMEA LIGASE; HCT, p-HYDROXYCINNAMOYL-COENZYME
A:QUINATE/SHIKIMATE p-HYDROXYCINNAMOYLTRANSFERASE; C3H, p-COUMARATE 39-HYDROXYLASE; CSE, CAF-
FEOYL SHIKIMATE ESTERASE; CCoAOMT, CAFFEOYL-COENZYME A O-METHYLTRANSFERASE; CCR, CINNAMOYL-CO-
ENZYME A REDUCTASE; F5H, FERULATE 5-HYDROXYLASE; COMT, CAFFEIC ACID O-METHYLTRANSFERASE; CAD,
CINNAMYL ALCOHOL DEHYDROGENASE; HCALDH, HYDROXYCINNAMALDEHYDE DEHYDROGENASE.
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CSE in monolignol biosynthesis by means of reverse ge-
netics was shown only in Medicago truncatula, for which
CSE knockout resulted in strong negative effects on de-
velopment, lower lignin levels, and preferential accumu-
lation of H units in lignin (Ha et al., 2016).
A general role for CSE in lignin biosynthesis was re-
cently questioned by a study reporting a predictive kinetic
metabolic ﬂux model that provides a mathematical de-
scription of themonolignol biosynthetic pathway in aspen/
poplar (Populus trichocarpa) based on in vitro kinetics
and absolute quantiﬁcation of monolignol biosynthetic
pathway proteins in the xylem (Wang et al., 2014). Al-
though the P. trichocarpa genome harbors two bona ﬁde
CSE homologs, no CSE activity was detected in protein
extracts from poplar secondary differentiating xylem,
suggesting that caffeoyl shikimate is converted to caffeoyl-
CoAby two isoforms ofHCT in poplar (Wang et al., 2014).
Moreover, CSE activity also was not detected in protein
extracts of lignifying tissues of Eucalyptus grandis,
switchgrass (Panicum virgatum), and rice (Oryza sativa),
suggesting that CSE is not involved in the shikimate shunt
in these species (Wang et al., 2014). Hence, to further as-
sess a possible role for CSE in ligniﬁcation in poplar
(Populus tremula 3 Populus alba), we carried out a com-
prehensive study based on crude protein enzymatic ac-
tivity assays, gene expression analysis, and multiple-level
phenotyping of transgenic lines down-regulated in CSE.
Moreover, we also evaluated the biotechnological poten-
tial of CSE by performing sacchariﬁcation assays of wood
samples derived from the CSE down-regulated lines.
RESULTS
Poplar Xylem Protein Extracts Show CSE Activity
The generality of a role for CSE in ligniﬁcation was
recently questioned based on the apparent lack of CSE
activity in protein extracts of poplar xylem (Wang et al.,
2014). Interestingly, with the exception of poplar, the
three other plant species analyzed previously (i.e. Arabi-
dopsis,M. truncatula, and switchgrass) showed a positive
correlation between the presence of bona ﬁde CSE ho-
mologs in their genomes and CSE activity in protein ex-
tracts of their lignifying tissues (Vanholme et al., 2013c;
Escamilla-Treviño et al., 2014; Wang et al., 2014; Ha et al.,
2016). To further address this apparent dilemma, CSE
activity was assayed by feeding crude protein extracts
from scraped xylem tissue ofwild-typeP. tremula3P. alba
plantswith caffeoyl shikimate and analyzing the products
by ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS). Signiﬁcant levels of caffeic
acid were detected after 1 h of incubation, and an 8-fold
increase in caffeic acid amount was detected after 25 h
(Fig. 2A). Extremely low levels of caffeic acid were ob-
served when incubations were performed with boiled
xylem protein extracts, suggesting that the spontaneous
hydrolysis of caffeoyl shikimate into caffeic acid is negli-
gible. These results support the presence of CSE activity in
the poplar xylem.
The Poplar Genome Harbors Two Bona Fide CSE
Homologs That Are Highly Expressed in the Xylem
A previous phylogenetic analysis of the CSE protein
family in a set of different plant species has shown that
these proteins group into two classes: class I, which po-
tentially includes bona ﬁde CSE proteins; and class II,
which includesCSEhomologswith low sequence identity
and, therefore, are considered to be CSE-like proteins (Ha
et al., 2016). In the genome of P. trichocarpa, two bona ﬁde
CSE homologs are found, PtrCSE1 (Potri.001G175000)
and PtrCSE2 (Potri.003G059200), sharing 91% identity in
amino acid sequence to each other and around 80% to
AtCSE of Arabidopsis. Because not all family members
for a given step of the monolignol biosynthetic pathway
are necessarily involved in ligniﬁcation, tissue-speciﬁc
expression analysis was performed to evaluate whether
the expression pattern of each CSE homolog in poplar
Figure 2. Poplar xylem CSE activity and CSE gene expression. A, CSE activity in crude poplar xylem protein extracts. Total poplar
xylem protein was added to reaction buffer containing 100 mM caffeoyl shikimate, and caffeate was measured via UHPLC-MS
after 1 and 25 h. Boiled poplar xylem protein was used as a negative control. Error bars indicate SE. Differences in caffeic acid
abundance were assessed with Student’s t test (**, 0.01. P. 0.001; n = 4). B, Expression analysis of CSE homologs in different
tissues of poplar as determined via RT-quantitative PCR (qPCR). Error bars indicate SE (n = 4).
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correlates with developmental ligniﬁcation. For such a
purpose, the transcript abundance of both genes was de-
termined in fourP. tremula3P. alba tissuesdiffering in their
degree of ligniﬁcation: bark, mature leaves, axillary buds,
and developing xylem. Preferential expression in the xy-
lem, a tissue that undergoes early and strong ligniﬁcation,
is expected for a gene involved in developmental ligniﬁ-
cation. Accordingly, both PtxaCSE genes were strongly
and preferentially expressed in the xylem, whereas much
lower transcript levels were detected in bark, leaves, and
especially axillary buds (Fig. 2B). These results suggest a
potential, and possibly redundant, role for the two CSE
paralogues in poplar developmental ligniﬁcation.
Down-Regulation of CSE in Poplar Did Not Drastically
Affect Plant Development
In order to gain genetic evidence for the involvement of
CSE in the ligniﬁcation process in poplar, constitutive
down-regulation of both CSE genes was targeted by
cloning a 120-bp fragment of PtxaCSE2 (corresponding to
Potri.003G059200) into the pK7GWIWG2II gene-silencing
vector to produce cauliﬂowermosaic virus 35S promoter-
driven hpCSE transgenic P. tremula 3 P. alba lines. The
corresponding fragment in PtxaCSE1 shared 90% identity
with the cloned fragment of PtxaCSE2. Independent lines
(137) were grown for 45 d in the greenhouse before
screening.Of note, none of the transgenic lines exhibited the
typical red xylem phenotype that is visible upon debarking
the stems of poplars down-regulated for CINNAMOYL-
COENZYME A REDUCTASE (CCR), CAFFEIC ACID
O-METHYLTRANSFERASE (COMT), or CINNAMYL
ALCOHOL DEHYDROGENASE (Van Doorsselaere et al.,
1995; Baucher et al., 1996; Tsai et al., 1998; Leplé et al., 2007).
The hpCSE lines were screened for the accumulation of
caffeoyl shikimate, the substrate for CSE, via UHPLC-MS
after extraction of methanol-soluble phenolics from the
stem.Among all analyzed lines, one particular line showed
a 36-fold increase in the caffeoyl shikimate content relative
to the wild type, whereas the second highest amount of
caffeoyl shikimate was 20-fold higher than that of the wild
type. In the other lines, the caffeoyl shikimate content de-
creased to as low as wild-type levels, suggesting lower si-
lencing efﬁciency or complete absence of silencing. A
signiﬁcant increase in H unit content and a reduction in
total lignin amount are two other hallmarks of CSE silenc-
ing in Arabidopsis and M. truncatula. Therefore, relative
levels of H units were determined via thioacidolysis, and
lignin amount was determined via acetyl bromide lignin
measurements in the top 20 lines with the highest accu-
mulationof caffeoyl shikimate.Although the relativeHunit
content in lignin and the lignin amount in the transgenic
lines did not differ drastically from those of the wild type,
these data were taken into account to select the two lines
with the highest accumulation of both caffeoyl shikimate
and H units and with a reduction in lignin (Supplemental
Table S1). These selected lines were named hpCSE#1 and
hpCSE#2 and were subjected to further multiple-level
phenotyping.
Quantitative reverse transcription (RT)-PCR was
used to determine the residual transcript levels of
PtxaCSE1 and PtxaCSE2 in the developing xylem of
both wild-type and hpCSE lines (Fig. 3A). This analysis
showed that the twoCSE paralogueswere differentially
down-regulated in both hpCSE lines. For PtxaCSE2,
21% and 15% of residual transcript levels were ob-
served for hpCSE#1 and hpCSE#2 compared with the
wild type, whereas a much weaker down-regulation
was observed for PtxaCSE1, for which 49% and 35%
of residual transcript levels were found in those lines
(Fig. 3A). To evaluate whether down-regulation of CSE
caused any effect on plant growth and development,
the hpCSE lines were grown alongside the wild type in
the greenhouse for a period of 6 months. Plant height
was followed weekly, and by the end of the growth
period, the trees were harvested and biomass parame-
ters were determined. The hpCSE lines were morpho-
logically indistinguishable from the wild type (Fig. 3B),
and no differences in either fresh or dry weight were
observed after 6 months of growth (Fig. 3C). Stem
height was similar for both lines compared with the
wild type during the whole growth period, but after
6months, the hpCSE#2 plants were slightly shorter (4%)
than the controls (Fig. 3D). These results suggest that
these CSE down-regulated poplars develop normally
with no severe effects on biomass accumulation.
Down-Regulation of CSE Affects Lignin Content and
Structure in Poplar
Silencing of a gene encoding an enzyme central to the
lignin biosynthetic pathway is expected to affect lignin
content and/or composition. To evaluate the impact of
CSEdown-regulation on lignin deposition, crude cellwall
residue (CWR) was prepared from the stem of 6-month-
old hpCSE and wild-type poplars, and the lignin content
was determined by the Klason method. Both hpCSE lines
showed signiﬁcant reduction in (acid-insoluble) Klason
lignin content, with decreases of 19% and 25% for
hpCSE#1 and hpCSE#2 compared with that of the wild
type (Fig. 4A; Supplemental Table S2). These reductions
were accompanied by mild increases in cellulose content
of 8% and 13% in hpCSE#1 and hpCSE#2 (Fig. 4B;
Supplemental Table S2). Next, lignin structural changes
were ﬁrst evaluated by thioacidolysis, an analytical
method that quantiﬁes only lignin units linked by labile
b-O-4 bonds. Although the absolute amount of H units
remained low, the relative proportion of H-derived
monomers increased by 51% in hpCSE#1 and by 113% in
hpCSE#2 (Fig. 4C; Supplemental Table S2). The relative
frequencies of G- and S-derived monomers showed
only mild shifts compared with control plants. The
relative amount of thioacidolysis-released G units in-
creased by 7% and 5%, whereas the relative amount of
thioacidolysis-released S units decreased by 4% and 3%,
in hpCSE#1 and hpCSE#2 (Fig. 4D; Supplemental Table
S2). These changes led to amild but signiﬁcant decrease in
the S/G ratio from 2.06 in the wild type to 1.85 and 1.9 in
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hpCSE#1 and hpCSE#2 (Fig. 4E; Supplemental Table S2).
The degree of lignin condensation is inversely correlated
with the thioacidolysis yield (i.e. the sumof releasedH,G,
and S monomers). When expressed on a Klason lignin
content basis, the thioacidolysis yield of the hpCSE lines
was not signiﬁcantly different from that of the wild type
(Fig. 4F; Supplemental Table S2).
In order to gain further insight into the structural
changes caused by CSE down-regulation, 2DNMRwas
performed on enzyme lignins from the stems of the
wild type and the hpCSE lines. By analyzing the aro-
matic regions of the two-dimensional 1H-13C heteronu-
clear single-quantum coherence (HSQC) spectra, it is
possible to visualize differences in lignin monomeric
composition irrespective of the interunit linkage dis-
tribution, in contrast to thioacidolysis, in which only
units linked by ether bonds are determined. In general,
the NMR data largely corroborated the structural
Figure 3. Residual expression of both CSE genes and growth analyses of poplar trees down-regulated in CSE. A, Residual ex-
pression levels of PtxaCSE1 and PtxaCSE2 in the xylem of wild-type (WT) poplar plants and the hpCSE lines determined by
RT-qPCR. The expression of each PtxaCSE gene was normalized to that of the wild type. Error bars indicate SE. Differences in gene
expressionwere assessedwith Student’s t test (*, 0.05. P. 0.01; **, 0.01. P. 0.001; and ***, P, 0.001; n = 4). B, Photograph
of representative plants grown for 6 months in the greenhouse. C, Fresh and dry weights of stems harvested from wild-type and
hpCSE plants at the end of the 6-month growth period. No statistical difference was found among the genotypes. Error bars in-
dicate SD. D, Growth curves of the wild type and the hpCSE lines. Height was monitored every week for a period of 6 months. The
average growth in each month was used to plot the graph. Error bars indicate SD. Differences in growth parameters between the
wild type and the transgenic lines were assessedwith Student’s t test (*, 0.05. P. 0.01 and **, 0.01. P. 0.001; wild type, n =
25; hpCSE#1, n = 23; and hpCSE#2, n = 23). The asterisk above the data point represents a statistical difference for line hpCSE#1,
whereas asterisks below represent statistical differences for line hpCSE#2.
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changes found with thioacidolysis, with both lines
showing similar spectra. Compared with the wild type,
the proportion of H units was increased by 100% and
110% in hpCSE#1 and hpCSE#2 (Fig. 5A). The relative
fraction of G units was increased by 6.8% and 8.4%,
whereas the relative frequency of S units was decreased
by 5.2% and 6.3%, in each of these lines. Accordingly,
the S/G ratio decreased signiﬁcantly from 1.62 in the
wild type to 1.43 and 1.40 in hpCSE#1 and hpCSE#2 (Fig.
5). In addition, the interunit linkage types can be de-
duced from the oxygenated aliphatic region of the
HSQC spectrum (Fig. 5B). Minor shifts in the relative
proportion of the major unit types were observed, with
a slight increase in b-aryl ether (b-O-4) units A and a
slight decrease in resinol (b-b) units C in both hpCSE
lines (Fig. 5B), suggesting a lower proportion of carbon-
carbon bonds in their lignin polymers. Altogether, these
results show that down-regulation of CSE in poplar not
only leads to reduced lignin levels but also affects lignin
composition and structure, albeit mildly.
The Phenolic Proﬁle Is Altered upon CSE Down-Regulation
in Poplar
A shift in the phenolic metabolism is expected upon
blocking a biosynthetic step central to the lignin
pathway. In order to assess the consequences of CSE
down-regulation on phenolic metabolism, methanol-
soluble metabolites were extracted from the develop-
ing xylem of 3.5-month-old hpCSE andwild-type plants
and analyzed via UHPLC-MS. This procedure enables
the detection and relative quantiﬁcation of different
classes of aromatic compounds, including intermedi-
ates and derivatives from the phenylpropanoid path-
way, such as ﬂavonoids, benzenoids, cinnamates, and
products from monolignol coupling (oligolignols). A
total of 2,443 peaks could be detected, aligned, and in-
tegrated in the chromatograms of wild-type, hpCSE#1,
and hpCSE#2 samples. Only peaks present in all repli-
cates of at least one genotype and that were on average
above a 500-count cutoff in at least one genotype were
selected for statistical analysis. Some 618 peaks met
these criteria. Principal component analysis (PCA)
showed that the phenolic proﬁle of the hpCSE lines
clearly separated from that of the wild type, indicating
major metabolic differences (Supplemental Fig. S1). To
further select the metabolites for which the abundance
was most affected by the down-regulation of CSE, ﬁl-
ters were applied based on a signiﬁcance level of 0.01
and a fold change of at least 2 between the hpCSE and
wild-type samples. Accordingly, the 68 peaks with
signiﬁcantly higher abundance in both hpCSE lines
could be assigned to 42 compounds, of which 26 could
Figure 4. Lignin content and composition and cellulose content of stems from hpCSE lines and control plants. A, Total acid-insoluble
lignin content determined by the Klason method. Data are expressed as percentage of CWR. B, Cellulose content was determined
gravimetrically and is expressed as percentage of CWR. C, Relative levels of releasable H monomers determined by thioacidolysis. D,
Relative levels of releasable G and S monomers determined by thioacidolysis. E, S/G ratio determined based on thioacidolysis data. F,
Total thioacidolysis yield as determined from the sum of released H, G, and S monomers, expressed in mmol g21 Klason lignin. For all
analyses, data are means 6 SD (n = 10), except for thioacidolysis yield, for which SE values are shown. Differences in cell wall
parameters were assessed with Student’s t test (*, 0.05. P . 0.01; **, 0.01 . P . 0.001; and ***, P , 0.001). WT, Wild type.
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Figure 5. Structural characterization of lignin byNMR. HSQC spectra are shown for the aromatic regions (A) and the oxygenated
aliphatic regions (B) of whole cell walls from stems of the wild type (WT) and the two hpCSE lines, along with a synthetic lignin
synthesized biomimetically from p-coumaryl alcohol to help validate the H unit assignments (H-DHP). Integrated values for each
monomeric H, G, and S unit and the a-C/H correlation peaks from the major lignin interunit structures A to C are provided. The
colors of the substructures shown match those of the corresponding signals in the HSQC spectra (where they are resolved).
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be structurally characterized (Fig. 1; Table I). Several of
these compounds were observed only in the transgenic
lines, being below the detection limit in wild-type sam-
ples. The identiﬁed compounds belonged to the meta-
bolic classes of benzenoids and hydroxycinnamates, of
which caffeate-, ferulate-, and sinapate-derived com-
pounds were most abundant. As expected, one of the
top-accumulating compounds was the CSE substrate
caffeoyl shikimate (two free and two hexosylated forms),
which is consistent with a reduced CSE expression. In
addition, p-coumaroyl shikimate, caffeoyl quinate, fer-
uloyl shikimate, feruloyl quinate, and sinapoyl shiki-
mate also accumulated in the hpCSE lines. Among these
26 identiﬁed compounds with higher abundance in the
hpCSE lines, a total of 12 metabolites were hexosylated,
presumably to reduce their toxicity and allow for their
sequestration in the vacuole (Dima et al., 2015).
The 26 peaks with signiﬁcantly lower abundance (av-
erage relative abundance , 0.5) in the hpCSE lines com-
pared with the wild type could be assigned to 26
compounds, of which 14 could be structurally charac-
terized (Fig. 1; Table II). Interestingly, with the exception of
hexosylated protocatechuic acid, all the metabolites with
reduced abundance were oligolignols containing G and S
units or their corresponding hydroxycinnamaldehyde an-
alogs, in agreement with the reduced lignin deposition
upon CSE down-regulation. Altogether, the metabolic al-
terations observed in the xylem of CSE down-regulated
poplars (e.g. accumulation of caffeoyl shikimate and re-
duced amounts of oligolignols) suggest that the function of
CSE in the lignin pathway is conserved in poplar.
CSE Down-Regulation Improves Sacchariﬁcation
Efﬁciency of Poplar Stems
Previously, we showed that CSE loss of function in
Arabidopsis resulted in a 4-fold increase in cellulose-to-
Glc conversion of senesced stems when compared with
the wild type (Vanholme et al., 2013c), one of the
highest improvements in sacchariﬁcation efﬁciency
without biomass pretreatment ever reported. In order
to evaluate whether the cell wall changes caused by
CSE down-regulation also lead to improved sacchari-
ﬁcation efﬁciency in poplar, cellulose-to-Glc conversion
of the wood from the hpCSE lines was compared in
limited-sacchariﬁcation assays with that of the wild
type. Sacchariﬁcation assays were performed with
debarked stems without and with acid (1 M HCl, 80°C,
2 h) or alkaline (62.5 mM NaOH, 90°C, 3 h) pretreat-
ment, with Glc release measured after 3, 6, 24, 30, and
48 h. The cellulose-to-Glc conversion was calculated
based on the amount of Glc released upon sacchariﬁ-
cation, and the cellulose content was measured for each
sample (Fig. 6; Supplemental Table S3). When no pre-
treatment was applied, the cellulose-to-Glc conversion
of line hpCSE#1was signiﬁcantly higher comparedwith
that of thewild type already after 6 h of sacchariﬁcation,
whereas no signiﬁcant differences were observed for
hpCSE#2 (Fig. 6A). After 48 h, the cellulose-to-Glc
conversion from the stems of line hpCSE#1 was 31%
higher than that of the wild type (Fig. 6A; Supplemental
Table S3). Both lines performed better than the wild
type in sacchariﬁcation assays when the pretreatments
were performed, and the differences were signiﬁcant at
all analyzed time points. The cellulose-to-Glc conver-
sion after 48 h was increased by 48% and 46% in
hpCSE#1 and hpCSE#2 lines when an acid pretreatment
was applied (Fig. 6C; Supplemental Table S3), whereas
alkaline pretreatment resulted in an increase of 51% and
40% comparedwith thewild type (Fig. 6E; Supplemental
Table S3).
In Arabidopsis, the inﬂorescence stems of the cse2 null
mutant are 37% smaller and 42% lighter at senescence
than those of the wild type, revealing a substantial yield
penalty upon CSE loss of function. Because down-
regulation of CSE did not affect biomass accumulation
in poplar, and because the hpCSE lines have slightly more
cellulose, we anticipated that the sacchariﬁcation yield on
a plant basis would be increased substantially in the
hpCSE lines. Accordingly, we compared the total Glc re-
lease per plant among all genotypes with and without
pretreatment. Similarly to the cellulose-to-Glc conversion
results, only the hpCSE#1 line showed increased Glc re-
lease on a plant basiswithout pretreatment, releasing 62%
more than the wild type (Fig. 6B). Additionally, hpCSE#1
and hpCSE#2 lines released 86% and 57% more Glc than
thewild type on aplant basiswhen acid pretreatmentwas
applied (Fig. 6D),whereas the improvementswere of 91%
and 50% with alkaline pretreatment (Fig. 6F). These re-
sults show that recalcitrance is reduced and Glc release is
improved in poplar stems down-regulated for CSE.
DISCUSSION
CSE Is Important for Ligniﬁcation in Poplar
The identiﬁcation of CSE as an enzyme central to the
lignin biosynthetic pathway in Arabidopsis led to a
major question on whether this catalytic step is con-
served across plant lineages. The fact that many unre-
lated plant species lack a bona ﬁde CSE homolog in
their genomes suggests that CSE might not be essential
for ligniﬁcation in all plants. Interestingly, from the
plant species analyzed to date, the presence of bona ﬁde
CSE homologs in the genome was positively correlated
with the detection of CSE activity in protein extracts
prepared from lignifying tissues. Weak esterase activity
was detected in protein preparations from stems of
Brachypodium distachyon and maize (Zea mays), whose
genomes do not possess a bona ﬁde CSE gene, whereas
high CSE activity was found in Arabidopsis and
switchgrass, which harbor CSE homologs (Vanholme
et al., 2013c; Ha et al., 2016). The exception was P. tri-
chocarpa, for which no CSE enzymatic activity could be
detected in extracts prepared from developing sec-
ondary xylem (Wang et al., 2014), even though its ge-
nome possesses two bona ﬁde CSE homologs. These
results led those authors to conclude that there was no
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direct evidence for a role for CSE in ligniﬁcation in
poplar and that caffeoyl shikimate is likely converted to
caffeoyl-CoA by two xylem-speciﬁc HCT isoforms
(Wang et al., 2014). However, the apparent lack of CSE
activity in protein extracts from P. trichocarpa xylem is
difﬁcult to reconcile with the recent observation that
both recombinant CSEs from Populus deltoides, which
share 98% amino acid identitywith their orthologs from
P. trichocarpa, show high esterase activity in vitro (Ha
et al., 2016). In addition, CSE activity in lignifying tis-
sues was not detected in switchgrass, whereas a pre-
vious study had already shown that protein extracts
prepared from switchgrass stems produce caffeic acid,
instead of caffeoyl-CoA, when incubated with caffeoyl
shikimate and CoA (Escamilla-Treviño et al., 2014).
Subsequent work from the same group conﬁrmed high
CSE activity in crude extracts from switchgrass stems
(Ha et al., 2016). Here, we showed not only that both
poplar CSE homologs are preferentially expressed in
developing xylem but also that protein preparations
from this tissue show CSE activity, providing supporting
evidence for a role for CSE in ligniﬁcation in poplar.
The reactions of CSE need to be augmented by an
additional 4CL step to regenerate the activated caffeoyl-
CoA from the CSE product, caffeic acid. As an addi-
tional molecule of ATP is required, in contrast to the
transesteriﬁcation reaction catalyzed by HCT, the in-
volvement of CSE in monolignol biosynthesis might
seem counterintuitive. Nevertheless, this second/
reverse reaction of HCT has not yet been supported by
genetic evidence, because HCT loss of function
also affects the conversion of p-coumaroyl-CoA to
p-coumaroyl-shikimate by HCT upstream of the path-
way. In addition, kinetic analyses of recombinant
enzymes have shown that, although poplar xylem-
speciﬁc HCT isoforms can convert caffeoyl shikimate
into caffeoyl-CoA, the catalytic efﬁciency of this reac-
tion is 20-fold lower than that of the forward acyl-
transferase HCT reaction (i.e. the formation of caffeoyl
shikimate from caffeoyl-CoA and shikimate; Wang
et al., 2014). Similar results were found with recombi-
nant HCT enzymes from switchgrass, which show
preferences of around 15-fold for the forward com-
pared with the reverse reaction (Escamilla-Treviño
et al., 2014). WhenHoffmann et al. (2003) ﬁrst described
and characterized HCT in tobacco, the conversion of
caffeoyl-CoA to caffeoyl shikimate also was shown to
be the most efﬁcient reaction performed by the recom-
binant enzyme. Therefore, it seems counterintuitive
that the reverse transesteriﬁcation reaction of HCT has
an important role in vivo, as the production of caffeoyl
shikimate from caffeoyl-CoA would be highly favored.
These observations suggest that caffeoyl-CoA is pro-
duced from caffeoyl shikimate by a two-step reaction
catalyzed by CSE and 4CL instead of the single HCT-
dependent transesteriﬁcation reaction, at least in plant
species harboring a bona ﬁde CSE homolog.
Our data clearly demonstrate that CSE plays an im-
portant role in ligniﬁcation in poplar. The hpCSE lines
deposited up to 25% less lignin than control plants andTa
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the relative level of H units was increased slightly, which
is in line with a function for CSE after the branch where
the biosynthesis of H units diverges from that of G and S
units. These lignin changes were not associated with any
drastic effect on plant growth and development. This
mild phenotype is likely due to residual expression of
both PtxaCSE paralogues observed in the hpCSE lines.
Accordingly, although the Arabidopsis loss-of-function
cse-2 mutant exhibited a substantial developmental ar-
rest, a 36% reduction in lignin amount, and a 30-fold in-
crease in H unit content, the knockdown cse-1 mutant,
with a T-DNA insertion in the promoter and 6.3% resid-
ual CSE expression, did not show any developmental
abnormality, with total lignin reduced by 17% and only a
4-fold increase in H unit content (Vanholme et al., 2013c).
Interestingly, the loss-of-function phenotype of M. trun-
catula cse mutants is even more severe than that of Ara-
bidopsis, with lignin levels reduced by over 80% and H
unit content increased by around 50-fold (Ha et al., 2016).
Given that both are knockout mutants, the contrasting
phenotypes are probably due to differential catalytic
properties of HCT in converting caffeoyl shikimate into
Figure 6. Saccharification efficiency of stem biomass from wild-type (WT) and hpCSE plants. A, C, and E, Cellulose-to-Glc
conversion during limited saccharification of stems from the wild type (solid lines) and the hpCSE lines (dashed lines) without (A)
and with acidic (C) and alkaline (E) pretreatments. Cellulose-to-Glc conversion was calculated based on the amounts of released
Glc and the quantified amount of cellulose. B, D, and F, RelativeGlc release per plant after 48 h of saccharificationwithout (B) and
with acid (D) and alkaline (F) pretreatments, normalized to the values of the wild type. Error bars indicate SE. Significant differ-
ences were assessed with Student’s t test (*, 0.05 . P . 0.01; **, 0.01 . P . 0.001; and ***, P , 0.001; n = 10).
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caffeoyl-CoA in these two species. Although the kinetics
of this reaction are unknown for M. truncatula HCT,
Arabidopsis HCT has been shown to catalyze this con-
version in vitro, albeit with a much lower afﬁnity for
caffeoyl shikimate than the Arabidopsis CSE (Vanholme
et al., 2013c). Therefore, a lower catalytic efﬁciency ofM.
truncatulaHCTmight result in a lower ﬂux toward G and
S units from the accumulated caffeoyl shikimate pool
caused by CSE loss of function, resulting in amore drastic
phenotype when compared with Arabidopsis. In poplar,
the efﬁciency of recombinant HCT1 and HCT6 in con-
verting caffeoyl shikimate into caffeoyl-CoA was shown
to be very low (Wang et al., 2014), which explains why
even intermediate levels of CSE down-regulation in this
species still result in the accumulation of caffeoyl shiki-
mate and a signiﬁcantly lower lignin content (this work).
Altogether, these data suggest that only strong reductions
in CSEmRNA levels cause developmental abnormalities,
whereas intermediate suppression does not necessarily
affect plant yield but could still lead to alterations in lignin
deposition that might be beneﬁcial for biomass process-
ing. These results highlight the biotechnological potential
of CSE engineering for the development of bioenergy
feedstock with improved extractability.
CSE Down-Regulation in Poplar Results in a Shift in
Phenolic Metabolism
Lignin loss-of-function mutants and down-regulated
plants often accumulate the substrate of the corre-
sponding deﬁcient enzyme along with other pathway
intermediates or derivatives, which results in conspic-
uous shifts in their phenolic proﬁles (Morreel et al.,
2004; Rohde et al., 2004; Coleman et al., 2008; Vanholme
et al., 2012b, 2013c). Therefore, phenolic proﬁling is a
powerful tool with which to gain insight into the po-
tential in vivo substrate of a given enzyme as well as to
evaluate how the carbon ﬂux through the phenyl-
propanoid pathway is redirected in response to a per-
turbation (i.e. upon blocking a particular step in the
pathway). The majority of the compounds with signif-
icantly reduced abundance in hpCSE poplars were oli-
golignols composed mainly of G and/or S units and
their corresponding cinnamaldehydes, which is con-
sistent with the reduced ﬂux toward the main mono-
lignols if CSE is a pathway enzyme utilized in poplar
ligniﬁcation. Interestingly, upon CSE down-regulation,
the carbon ﬂux was not massively redirected to the bio-
synthesis of H units, and no differences in the relative
amount of H-containing oligolignols were observed in
the metabolome of hpCSE plants: the relative amount of
H units in the lignin polymer doubled but remained
very low overall. This is in contrast with the results
found in Arabidopsis, in which three H-containing
oligolignols accumulated to signiﬁcant levels in both
cse-1 and cse-2 mutants (Vanholme et al., 2013c). This
discrepancy might again be explained by the higher
residual CSE expression in comparison with the corre-
sponding Arabidopsis mutants, but other explanations
also are possible. For example, the metabolite proﬁling
revealed the accumulation of p-coumaroyl shikimate
and caffeoyl shikimate in the hpCSE lines, and both
compounds have been described to inhibit poplar 4CL
activities (Lin et al., 2015). Such inhibition could cause
the observed accumulation of ferulic acid and deriva-
tives of caffeic acid (e.g. caffeic acid glucosides) in the
hpCSE lines, but it also could be the reason for a lower
ﬂux toward H units in the hpCSE lines. Furthermore,
the differences between the redirection of the carbon
ﬂux in Arabidopsis cse-2 and poplar hpCSE might be
due to intrinsic differences in the phenolic metabolism
or different regulatory mechanisms to compensate for
the lower amount of lignin. Accordingly, it has been
shown that CINNAMATE 4-HYDROXYLASE (C4H)
interacts physically with C3H in poplar xylem and
that this protein complex is able to catalyze the
3-hydroxylation of p-coumaric acid into caffeic acid,
providing an alternative pathway to the production of G
and S units that bypasses the shikimate shunt in poplar
(Chen et al., 2011). Such a pathway also might explain the
lower redirection of carbon skeletons toward H units in
the hpCSE lines as compared with Arabidopsis.
The observed accumulation of p-coumaroyl shiki-
mate in the hpCSE lines might logically be explained
by product inhibition of C3H activity. In addition to
p-coumaroyl shikimate, feruloyl shikimate and sinapoyl
shikimate also accumulated in the hpCSE lines. It is
unlikely that feruloyl shikimate is made via 4CL and
HCT activities from its corresponding acid, because the
intermediate feruloyl-CoA is expected to be used by
CCR and thereby shunted into the monolignol-speciﬁc
pathway. More likely, feruloyl shikimate and sinapoyl
shikimate are synthesized via hydroxylation and
methylation of the accumulating caffeoyl shikimate. If
conﬁrmed, these reactions add another layer to the
complex grid of phenylpropanoid derivatizations; be-
sides hydroxylation and methylation at the free-acid
level, the CoA-thioester level, and the aldehyde level,
these reactions now also appear to occur at the shiki-
mate ester level. However, the relevance of this route in
wild-type poplars remains to be elucidated further.
Notably, the accumulation of feruloyl shikimate and
sinapoyl shikimate in the hpCSE lines suggests that
these compounds also are in vivo CSE substrates.
Eight phenylpropanoid derivatives were detected in
their hexosylated forms. The accumulation of these
compounds hints at a detoxiﬁcation route for poten-
tially harmful pathway intermediates (phenolic acids)
that accumulate upon CSE perturbation (Vanholme
et al., 2010; Sundin et al., 2014; Dima et al., 2015).
Total Glc Release per Plant Is Increased Remarkably upon
CSE Down-Regulation in Poplar
Despite its essential role in plant growth and devel-
opment, lignin is widely recognized as a major limiting
factor that hinders the efﬁcient processing of plant bio-
mass into fermentable sugars (Zhao et al., 2012a;
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Cesarino et al., 2016). The recalcitrant nature of this
phenolic polymer has stimulated biotechnological
approaches to improve polysaccharide extraction and
processing in bioenergy crops via genetic modiﬁcation
of lignin biosynthesis, either by reducing lignin
amounts or altering lignin composition (Chen and
Dixon, 2007; Vanholme et al., 2012a, 2013b; Van Acker
et al., 2014; Mottiar et al., 2016; Sibout et al., 2016).
Accordingly, a 4-fold increase in sacchariﬁcation yield
was observed for the Arabidopsis cse-2 loss-of-function
mutant, which shows a 36% reduction in lignin content
(Vanholme et al., 2013c). However, the improvement in
Glc release was accompanied by a substantial biomass
yield penalty, with reductions of 37% and 42% in the
inﬂorescence height and weight at senescence, respec-
tively. Indeed, drastic reductions in the biosynthesis of
lignin are typically followed by deleterious effects on
plant development, which might signiﬁcantly out-
weigh the gains in fermentable sugar yield (Gallego-
Giraldo et al., 2011; Bonawitz and Chapple, 2013;
Yang et al., 2013; Van Acker et al., 2014). Although the
underlying molecular mechanisms that result in de-
velopmental arrest in lignin-deﬁcient plants are largely
unknown, it is likely that they depend on the particular
step of the pathway that is blocked (Bonawitz and
Chapple, 2013). Recently, we found evidence that vas-
culature collapse underlies the yield penalty found in
the Arabidopsis cse-2 mutant, as restoring CSE expres-
sion speciﬁcally in vessels also restored vasculature
morphology and ﬁnal stem weight, leading to an even
higher total Glc release per plant (Vargas et al., 2016).
In poplar, CSE down-regulation resulted in higher
amounts of Glc released upon sacchariﬁcation with and
without pretreatment, which is likely associated with
reduced lignin amounts combined with increased rela-
tive cellulose contents. Similar results (i.e. an inverse
relation between lignin and cellulose) also have been
found when other biosynthetic genes, such as C4H,
4CL, C3H, CCR, and COMT (Jouanin et al., 2000; Leplé
et al., 2007; Coleman et al., 2008; Bjurhager et al., 2010;
Voelker et al., 2010), were down-regulated in poplar.
However, increases in cellulose content were not found
in a set of Arabidopsis mutants defective in lignin bio-
synthesis, in which lower deposition of lignin was
compensated for by a relative increase in hemicellulose
content (Van Acker et al., 2013). Also in the case of the
Arabidopsis cse-2 mutant, the lower lignin content
was associated with a decrease in cellulose content
(Vanholme et al., 2013c; i.e. the opposite to what we
found for transgenic poplars down-regulated in CSE).
Of particular note, the improved polysaccharide ex-
tractability of hpCSE plants was not accompanied by
severe negative effects on plant yield when grown for
6 months under greenhouse conditions. Consequently,
in limited-sacchariﬁcation experiments, the total Glc
released per plant was increased by up to 62% when no
pretreatment was applied and by up to 86% and 91%
when acid and alkaline pretreatments were used,
compared with the controls. Overall, the observation
that CSE silencing results in signiﬁcantly improved
sugar yieldwithout drastic effects on biomass production,
at least under greenhouse conditions, opens the possibil-
ity for the exploitation of this gene as a target for genetic
engineering of lignin biosynthesis in bioenergy crops.
The improvements in sacchariﬁcation yield observed
in the hpCSE lines were not as remarkable as those
observed for the Arabidopsis cse-2mutant, which were
among the highest sacchariﬁcation efﬁciencies ever
reported (Van Acker et al., 2013; Vanholme et al.,
2013c). However, the cse-2 plants exhibited not only
more drastic reductions in lignin levels but the lignin
polymer also was massively enriched in H units, which
might help explain their higher performance in sac-
chariﬁcation assays. Because p-coumaryl alcohol is de-
void of methoxy groups that, as in p-coumarate, help
stabilize the free radical, it favors radical transfer reac-
tions (Hatﬁeld et al., 2008; Ralph, 2010). Consequently,
p-coumaryl alcohol frequently occurs as free-phenolic
end groups when incorporated into lignin (Lapierre
and Monties, 1988; Russell et al., 2006; Mottiar et al.,
2016). Therefore, H-rich lignins have a lower degree of
polymerization (Lapierre and Rolando, 2009; Ziebell
et al., 2010). Presumably, shorter lignin chains would be
less cross-linked, have potentially fewer connections to
the cell wall ultrastructure, and have a greater solubility
(Ziebell et al., 2010). Therefore, increasing the incorpo-
ration of H units may increase lignin extractability and
improve biomass digestibility. Because the relative
amount of H units in the hpCSE lines was increased
only slightly, it is unlikely that this parameter has
contributed to the improved sacchariﬁcation efﬁciency
found in these trees. Nevertheless, boosting H unit in-
corporation in order to produce shorter lignin polymers
remains a promising strategy to increase cellulose-to-
Glc conversion in dedicated crops (Vanholme et al.,
2012a; Bonawitz et al., 2014; Mottiar et al., 2016). In this
regard, the generation of CSE knockouts in poplar via
CRISPR/Cas9 would likely produce plants with lower
lignin amounts and much higher incorporation of H
units into lignin.
CSE Activity Might Not Be Essential for Ligniﬁcation in
All Plant Species
The recent characterization of CSE in M. truncatula
(Ha et al., 2016) and poplar (this work) is shedding
some light on the generality of CSE function in mono-
lignol biosynthesis. To date, reverse genetics has un-
ambiguously conﬁrmed an important role for CSE in
ligniﬁcation only in plants harboring bona ﬁde class I
homologs in their genomes. How caffeate esters are
channeled into the production of G and S lignin units in
plants that do not possess genes encoding class I CSE
enzymes, which is the case for most grasses, therefore
remains an open question. One possible explanation is
that, in those plants, HCT has a higher efﬁciency in
converting caffeoyl shikimate into caffeoyl-CoA than its
counterparts in CSE-harboring species. Unfortunately,
limited data on kinetic parameters for HCT are
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available, especially for those species shown to lack a
class I CSE. Hitherto, the only study characterizing the
reaction mechanism of HCT in a plant that lacks a bona
ﬁde CSE focused exclusively on the forward reaction,
with no information on the reverse transesteriﬁcation
reaction (Walker et al., 2013). Alternatively, the phylo-
genetically distant class II CSE enzymes might be cata-
lytically able to fulﬁll this enzymatic step. Interestingly,
switchgrass seems to employ an HCT-like enzyme for
the biosynthesis of chlorogenic acids (CGAs; Escamilla-
Treviño et al., 2014). In plants that accumulate CGAs,
such as tobacco and coffee (Coffea arabica), the enzyme
HYDROXYCINNAMOYL-COENZYME A:QUINATE
HYDROXYCINNAMOYLTRANSFERASE (HQT) is nor-
mally responsible for the formation ofCGA from caffeoyl-
CoA and quinic acid, but close HQT orthologs were not
found in switchgrass. In contrast, an HCT-like enzyme
phylogenetically distant from HCTs or HQTs was dis-
covered from transcriptome analysis of lignifying
switchgrass cell suspensions and elongating internodes
(Shen et al., 2013) and shown to exhibit HQT activity,
preferring quinate instead of shikimate as its acyl acceptor
(Escamilla-Treviño et al., 2014). A similar scenario may
occur for class II CSEs in lignin biosynthesis. In support of
this hypothesis, it was shown recently that the class II
CSEs from maize and sorghum (Sorghum bicolor) are tar-
geted by the lignin repressors MYB31 and MYB42 in
chromatin immunoprecipitation experiments (Agarwal
et al., 2016), suggesting a role for these genes in ligniﬁ-
cation. Conversely, the onlyArabidopsis class IICSE gene
was characterized recently and shown to encode a mono-
acylglycerol lipase that catalyzes the last step of triacyl-
glycerol breakdown, the hydrolysis ofmonoacylglycerol
to fatty acid and glycerol (Kim et al., 2016). Therefore, it
is likely that the lack of class I CSEs contributed to the
process of subfunctionalization or neofunctionalization
of class II CSEs, allowing these enzymes to be part of the
lignin toolbox in certain plants only. Further genetic anal-
ysis is necessary to determine how the shikimate shunt
works in plants lacking class I CSE genes.
MATERIALS AND METHODS
Plant Material and Generation of Transgenic hpCSE Lines
The ﬁrst 120 bp of the PtxaCSE2 coding sequence from Populus tremula 3
Populus alba (INRA 717-1B4), corresponding to Populus trichocarpa
Potri.003G059200, was PCR ampliﬁed from cDNA obtained from P. tremula 3
P. alba stems using iProof High Fidelity DNA Polymerase and cloned into the
pDONR221 vector using BP Clonase (Invitrogen). Sequence identity was con-
ﬁrmed by sequencing. The fragment was introduced subsequently via LR
Clonase (Invitrogen) into the pK7GWIWG2II vector suited for cauliﬂower
mosaic virus 35S-driven intron-spliced hairpin RNA-mediated gene silencing.
Restriction analysis with XbaI (New England Biolabs) was performed to con-
ﬁrm that intron ﬂip, which may reduce silencing efﬁciency, did not occur. The
recombinant vector was transferred intoAgrobacterium tumefaciens strain C58C1
PMP90 by electroporation.A. tumefaciens-mediated transformation ofP. tremula3
P. alba was performed according to Leplé et al. (1992).
In total, 137 transgenic lines and their correspondingwild typewere individually
transferred to soil in pots of 5.5 cm diameter, placed in a tray ﬁlled with water, and
coveredwithacageliner(TecniplastAPETdisposablecagelinerforcagebody1291H)
for acclimatization. After 2 weeks, one side of the cage liner was lifted and kept
accordingly for 1 d, after which the other side also was lifted. The next day, the
acclimatized plants were transferred to bigger pots (24 cm diameter) and grown for
45 d in the greenhouse. A 5-cm debarked stem fragmentwas collected at the base of
eachplantfortheﬁrstscreening(relativeincreaseofcaffeoylshikimate).Thedebarked
stem fragment was scraped, and the scrapings were extracted subsequently with
1mL ofmethanol at 70°C for 15min under 1,000 rpm shaking. After centrifugation,
800 mL of the liquid phase was dried in a SpeedVac, and the resulting pellet was
resuspended in a mixture of water:cyclohexane (100 mL:100 mL). The tubes were
vortexed and centrifuged at 20,000g for 10 min, after which a 15-mL aliquot of the
lower water phase was analyzed via UHPLC-MS. Mass spectrometric analysis and
caffeoyl shikimate relative quantiﬁcation were performed as described previously
(Vanholme et al., 2013c). The top 20 lines with highest accumulation of caffeoyl
shikimate were chosen for the second screening, which was performed with a
debarked 5-cm stem fragment harvested immediately above the fragment used for
the ﬁrst screening. The stem fragment was dried at room temperature for 2 weeks,
ground in 2-mL Eppendorf tubes using a Retsch MM300 mill (20 Hz, 4-mm bead),
and subjected to sequential extraction to obtain the CWR (Van Acker et al., 2013).
Lignin content was determined using the acetyl bromide method adapted to small
samples (Johnson et al., 1961; Van Acker et al., 2013), whereas thioacidolysis
(Robinson and Mansﬁeld, 2009) was performed to determine the relative level of
H units in each sample. The best two lines with highest accumulation of caffeoyl
shikimate, and the lowest lignin content with the highest level of H units, were
chosen for further multiple-level phenotyping.
Two CSE down-regulated lines (hpCSE#1 and hpCSE#2) were selected and, to-
gether with the corresponding wild type, propagated simultaneously and grown
randomly in the greenhouse to obtain enough biological replicates of each line. For
the analysis of biomass parameters, wild-type (n = 25), hpCSE#1 (n = 23), and
hpCSE#2 (n = 23) plants were grown under a 16-h-light/8-h-dark photoperiod at
621°C in 10-L pots ﬁlled with a Saniﬂor commercial soil (Van Israel). The height of
the trees was measured weekly for a period of 6 months. At the end of the growth
period, the stems were harvested to determine their ﬁnal fresh and dry weights.
For phenolic proﬁling, stems from seven replicates of each genotype grown
for approximately 6 months under the same greenhouse conditions were cut
10 cmabove the soil.Abasal 10-cmstem fragmentwasdebarked, frozen in liquid
nitrogen, and stored at 270°C until use. For cell wall analyses (n = 10 per line),
2D NMR (n = 3 per line), and sacchariﬁcation assays (n = 10 per line), the stems
of another set of 6-month-old plants grown under the same conditions were cut
10 cm above the soil. The stems were debarked, air dried, ground in a ball mill,
and sieved to pass a mesh of 0.5 mm, after which the CWR was prepared for
each sample as described previously (Van Acker et al., 2013).
CSE Activity Assays of Poplar Xylem
The preparation of crude protein extracts of xylem from 3.5-month-old
P. tremula3 P. albawild-type plants was performed as described previously for
Arabidopsis (Arabidopsis thaliana; Vanholme et al., 2013a). The reaction mixture
contained 50 mM Tris-HCl buffer, pH 7, 1 mM DTT, 100 mM caffeoyl shikimate,
and 10 mg of soluble xylem proteins in a total volume of 40 mL. Samples were
incubated at 25°C for 1 or 25 h, and the reaction was terminated by boiling for
5 min. Boiled xylem protein extracts were used as a negative control. Quanti-
ﬁcation of caffeic acid was performed as described previously (Vanholme et al.,
2013c).
Gene Expression Analysis via RT-qPCR
Tissue-speciﬁc expression analysis was performed in bark, mature leaves,
axillary buds, and developing xylem of 6-month-old P. tremula 3 P. alba wild-
type plants. A 10-cm stem fragment was harvested in a region 40 cm below the
apex of the plants, debarked, and immediately frozen in liquid nitrogen. The
bark, leaves, and axillary buds were harvested and also frozen in liquid nitro-
gen. All plant materials were ground in 2-mL Eppendorf tubes using a Retsch
MM300 mill (20 Hz, 4-mm bead). Total RNA was extracted using the RNeasy
Plant Mini Kit (Qiagen) and treated with Ambion DNA-free (Life Technologies)
to remove contaminating genomic DNA. Total RNA (1 mg) was used as a
template for the synthesis of cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad). cDNAs from two plants were pooled to constitute a biological repli-
cate, and a total of four biological replicates for each line were used in the
analysis. The transcript levels of PtxaCSE1 (corresponding to Potri.001G175000)
and PtxaCSE2 (corresponding to Potri.003G059200) were determined via
quantitative RT-PCR as described previously (Vargas et al., 2016). Poplar 18S
RIBOSOMAL RNA (AF206999), POLYUBIQUITIN (BU879229), and LEAFY/
FLORICAULA (Potri.015G106900) were used as reference genes (Brunner et al.,
2004; Li et al., 2009). In addition, transcript levels of PtxaCSE1 and PtxaCSE2
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were determined in the hpCSE lines in order to evaluate the level of CSE down-
regulation. This analysis was performed essentially as described above, but
total RNA was extracted from scraped xylem of a stem fragment harvested
60 cm below the top of 6-month-old plants. All primers used in this study are
listed in Supplemental Table S4.
Cell Wall Analysis and Sacchariﬁcation Assays
Lignin content wasmeasured via the acetyl bromide ligninmethod to screen the
transformed lines and via theKlasonmethod to characterize hpCSE#1 and hpCSE#2.
Acetyl bromide lignin quantiﬁcationwasperformedasdescribedbyVanAcker et al.
(2014). The Klason method was performed via a protocol modiﬁed from Van den
Bosch et al. (2015). First, 1.5mLof 72%H2SO4 (v/v)was added to 100mgof puriﬁed
CWR in 15-mL glass vials and incubated at room temperature for 2 h under mag-
netic stirring. Next, the content was transferred to 100-mL bottles and diluted to 3%
H2SO4 (v/v) using 36mL ofwater. The diluted solutionwas then autoclaved for 1 h
(1 bar, 121°C), ﬁltered, and washed with hot water through a preweighed ﬁlter
paper (Sartorius AG) using a Büchner ﬁlter system (Merck Millipore). The ﬁlter
paper containing the extracted lignin was placed in a petri dish and oven dried at
80°C overnight. After cooling for 1 h at room temperature, Klason lignin was de-
termined gravimetrically. Cellulosewasmeasured according to a protocol modiﬁed
from Brendel et al. (2000). In 5-mL autoclavable borosilicate vials with polytetra-
ﬂuoroethylene-coated screw caps (Supelco/Sigma-Aldrich), 2mL of 80% acetic acid
(v/v) and 0.2mL of 69% nitric acid (v/v)were added to 100mg ofmilled stem, and
the mixture was autoclaved for 20 min (1 bar, 121°C). After cooling at room tem-
perature, 2.5 mL of absolute ethanol was added, and the samples were ﬁltered
through a preweighed ﬁlter paper (Sartorius AG) using a Büchner ﬁlter system
(Merck Millipore). The pellet was washed sequentially as follows: (1) twice with
5mLof absolute ethanol; (2) twicewith 5mLofwater; (3) oncewith 5mLof absolute
ethanol; and (4) once with 4 mL of acetone. The ﬁlter paper with extracted cellulose
was placed in a petri dish and oven dried at 50°C overnight. After cooling for 1 h at
room temperature, cellulose was determined gravimetrically. Sacchariﬁcation
assays were performed as described previously (Van Acker et al., 2016). The total
amount of Glc release on a plant basis was calculated with the following formula:
(Glc release/dry weight)*average dry weight of the stem.
2D NMR
Preparation of whole-plant CW gel-state NMR samples in dimethyl sulf-
oxide-d6/pyridine-d5 (4:1) and NMR experiments were performed as described
previously (Kim et al., 2008). NMR spectra were recorded on a Bruker Biospin
AVANCE 700-MHz spectrometer ﬁtted with a cryogenically cooled 5-mm
quadruple-resonance 1H/31P/13C/15N QCI gradient probe with inverse ge-
ometry (proton coils closest to the sample). Bruker’s TopSpin 3.2 (Mac version)
software was used to process the spectra, and volume integration of contours in
HSQC plots was performed on data processed without linear prediction. The
peaks characteristic of the lignin monomers (aromatic distributions) and link-
ages (side chain distributions) were selected and estimated after the contour-
level adjustment to achieve optimal peak separation. As end groups, in
particular, are substantially overestimated (Mansﬁeld et al., 2012b), the inte-
grals were used in relative comparisons and do not represent true absolute
quantiﬁcation. This relative quantiﬁcation was performed for all three geno-
types using three biological replicates.
Phenolic Proﬁling
The debarked 10-cm basal stem fragments from 3.5-month-old P. tremula 3
P. albawild-type and hpCSE plants were scraped, and the resulting developing
xylem was ground using mortar and pestle. Soluble phenolic compounds were
extracted from approximately 100 mg of scraped and ground xylem with 1 mL
of methanol at 70°C for 15min under 1,000 rpm shaking. After centrifugation at
room temperature and maximum speed, 800 mL of the supernatants was dried
under vacuum, and the pellet was redissolved in 200 mL of milliQ water:
cyclohexane (1/1, v/v). The tubes were vortexed and centrifuged at 14,000 rpm
(20,000g) for 10 min, after which a 15-mL aliquot of the aqueous phase was
injected on a UHPLC system (Waters Acquity UPLC) equippedwith a BEHC18
column (2.1 3 150 mm, 1.7 mm; Waters) and hyphenated to a time-of-ﬂight
mass spectrometer (Synapt Q-Tof; Waters) using gradient elution. Gradient
elution information, negative mode mass spectrometry setting, chromatogram
integration, and alignment via Progenesis QI software (Waters) were performed
as described previously (Eloy et al., 2017). Peak abundances were normalized to
the dry weight (mg) of the pellet remaining after methanol extraction and dried
in the SpeedVac. The criteria to select peak/metabolites with signiﬁcantly
higher or lower relative abundance in hpCSE lines compared with the wild type
were as follows: (1) present in all samples of at least one of the three genotypes;
(2) average normalized abundance higher than 500 counts in at least one of the
three genotypes; (3) at least 2-fold increased or 50% decreased peak area in
hpCSE versus the wild type; and (4) Student’s t test P , 0.01. PCA was per-
formed in R software via the prcomp command. Annotation of compounds
matching these criteria was based on accurate m/z, isotope distribution, and
tandem mass spectrometry (MS/MS) similarities. The MS/MS spectra were
structurally elucidated based on their similarity with commercially available
standards and previously identiﬁed metabolites that have already been de-
scribed in the literature. For targeted analysis of the oligolignols, compounds
were identiﬁed via m/z, retention time, and MS/MS similarity.
Supplemental Data
The following supplemental materials are provided.
Supplemental Figure S1. PCA plot.
Supplemental Figure S2.MS/MS spectra of the characterized metabolites.
Supplemental Table S1. Caffeoyl shikimate abundance, thioacidolysis
monomeric composition, and lignin quantiﬁcation used to screen the
transgenic hpCSE lines.
Supplemental Table S2. Cell wall parameters measured in both hpCSE
lines and the wild type.
Supplemental Table S3. Sacchariﬁcation results from limited-sacchariﬁcation
tests.
Supplemental Table S4. List of primers used for cloning and quantitative
RT-PCR.
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